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ABSTRACT 
I 
Samples of carbonyl iron powder were carburized with a CO-CO2 
gas mixture in the 810°c - 850°c range. Characterization of the 
products by chemical and physical techniques revealed the presence of 
pearlite-ferrite mixtures, having combined carbon compositions rang-
ing from 0.5 to 1.0 weight percent. It was shown that severe sinter-
ing could be prevented - and high specific surf ace area preserved -
if the powder was carefully sieved several times before processing or, 
alternatively, was carburized in a fluidized bed. It was also shown 
that the formation of objectionable oxide and soot deposits could be 
virtually eliminated under the conditions chosen for this study. 
Attempted syntheses of pure cementite proved fruitless, re-
gardless of the process attempted. It is tentatively concluded that 
pure cementite is unstable with respect to iron and carbon, and will 
partially decompose into these products if not stabilized by mixing 
with a suitable foreign material. The purest specimen synthesized in 
this study contained a mixture of cementite, ferrite, and free carbon 
in the form of soot. These mixtures were shown to have a combined 
carbon composition of 3.9 weight percent each. 
It was established that the temperature range 300°c - 800°c 
must be ~voided whenever carburizing with carbon monoxide, because 
the deposition of free carbon due to the catalytic reaction 
2 CO Ii/!:- CO2 + C 
becomes uncontrollable throughout this temperature interval, with an 
apparent maxi~um sooting rate near 600°c. 
\ ,, 
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1. INTRODUCTION 
1.1 ~ 
Countless investigations of factors concerning the forma-
tion of iron-carbon alloys conducted during past decades have pro• 
duced a myriad of technical reports, the vast majority of which deal 
exclusively with the problems of greatest industrial significance ~ 
those involving the synthesis of low surface area, macroscopi'c speci-
mens of steel. A surprisingly small number of papers deal with the 
,synthesis of pure, well characterized, high surface area alloy powder; 
and those which do confront this problem are usually deficient in some 
important details. Since the means of producing small quantities of 
such material easily and the ability to alter their carbon compositions 
at will over a wide range can be a valuable asset in several areas of 
research, this study has been initiated in order to clarify some vague 
points in the literature, and also to determine the feasibility of 
producing high surface area alloys from finely divided iron powder in 
a small laboratory apparatus, without employing a mechanical procedure 
to reduce the size of sintered globules of product. 
The plan of research - and hence this report - follows a 
natural division into two sections (i) the synthesis of alloys 
which contain the eutectoid pearlite, and (ii) the synthesis of the 
intermetallic iron carbide compounds. A variety of problems are 
inherent in both sect.ions of thi.s work; for example, the pirevention 
,. 
'· 
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.3 
of impurities - such as oxide and soot - from contaminating the pro-
duct, the prevention of sintering and the associated decrease in 
specific surface area of the product, and the difficulty in obtaining 
. I 
an accurate characterization of the carburized product all qualify as 
major obstacles. Each of these problems, together with its solution, 
is discussed fully in this report. 
For the most part, a modified gas carburization experiment 
was conducted using conunerc~ally available reduced carbonyl iron 
powder,* or, in some trials, iron oxide powder (Fe2o3), wh~ch had 
been previously reduced to pure Fe. Three types of flow systems 
were employed (i) a horizontal type in which the reactant gas was 
passed slowly over a fixed bed of iron powder, (ii) a fully fluidized 
bed of iron powder, and (iii) a packed bed of iron powder. Whenever 
feasible, the exit gas stream was repurified and recirculated through 
the system. 
Optical and electron microscopy, X-ray defraction, and 
standard Orsat analysis, together with other chemical analytical 
techniques were all used in various phases of this study in order 
to determine the precision of the experimental work and the composi-
tion of the products. Additionally, attempts were made to obtain 
photomicrographs of the carburized powders, which previously had 
been virtually nonexistant. This was done for purposes of comparison 
with known microstructures of massive specimens, as well as the de-
velopment of a file for future comparisons with other powder specimens. 
---------------------
*See Appendix A, page 61 
) c, ' . 
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1.2 BACKGROUND 
The process of smelting iron in blast furnaces has been 
known since ancient times. The manufacture of practical iron-carbon 
alloys, or steels, however, was prohibitively expensive until the 
invention of the Bessemer converter in 1856. This new means of pro-
ducing structural steels cheaply and quickly caused the rapid decline 
of the cast iron, bronze, and wrought iron industries. C<?nsequently, 
the intricacies of the steelmaking process quickly became the most 
widely studied of all metallurgical topics. As a result, safe, effi-
cient techniques have been well developed which today permit the 
rapid, economical production of large piec~s of carbon steel. 
The more recent development of powder metallurgy has 
facilitated the manufacture of metal objects which are unusually 
shaped or require extra strength or hardness. In this process, finely 
divided metal powders are mixed, molded, and compacted under pressure, 
after which the agglomeration is sintered at high temperatures. A 
sharp increase in the commercial significance of powder metallurgy 
has led to considerable study in the synthesis of finely divided 
alloys. Significant progress has been made in these areas; but the 
emphasis has nearly always been placed upon the final product- a 
macroscopic sintered object. In other words, powders produced for 
such applications were made to be sintered. The microstructure 
of individual powder particles, their specific surface areas, or 
the uniformity of particles in a batch, is inunaterial so long as the 
sintered, compacted product has the required properties and structure. 
I 
-· r· . 
/ 
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Presently, there is a need for iron carbide and carbon steel 
powder, in a variety of carbon compositions, which has the same micro• 
structural detail as in massive specimens of corresponding composition. 
This powder must have sufficiently high specific surface area to be 
useful in studies involving catalysis and gas adsorption. Since 
studies of these microscopic particles are eventually intended to 
provide an insight into what happens to larger specimens, it is de-
sirable that the microstructures of such powders not be distorted by 
applying mechanisms of. stress, such as pulverization, to the material. 
t 
Therefore, the common process of mixing a desired amount of carbon 
with molten iron, obtaining a liquid solution, then freezing and 
pulverizing it, is undesirable in this study. Furthermore, the 
careful control of soot deposits, which occur but can be tolerated 
if not too severe, is an absolute necessity in this project. The 
existence of small quantities of elemental carbon can drastically 
alter the performance of a catalyst or render a gas adsorption study 
meaningless. \ 
Parts of the solution to t~e basic problem lie buried in 
the metallurgical literature. A section of this report is devoted 
to exposing the useful material, condensing and arranging it, and 
the remainder is devoted to experimental results which clarify 
various details, and extend the work into other areas of interest. 
.,;:;.;._..,:_. ___ . --··-----~~---·--
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2. SYNTHESIS OF ALLOYS WHICH CONTAIN PEARLITE 
2 .1 THEORY 
Binary alloys which contain iron are generally complex due 
to the allotropic nature of this metal. As shown in Figure 1, pure 
solid iron may exist in one of three distinct crystalline forms -
alpha, ganuna, or delta - each of which is stable within a specific 
range of temperature. A suumary of the properties of these allotropes 
of iron is given in Table 1 and in Figure 2. 
Table 1. Prooerties of the Allotropes of Pure 
I (1,8,9,38) 
ron 
Temp. Range of Crystalline Capacity to. 
Allotrope Stability (oC) Form Accept Dissolved 
Carbon (wt. '1..) 
o(. -(Ferrite) 0 up to 768 C B.C.C. 0.05 wt. '1.. C 
--magnetic 
768°c to 910°c 
--non magnetic 
¥- (Austenite) 910°c to 1388°c F.C.C. 1.7% wt. % C 
o -(Ferrite) 1388°c to 1535°c B.C.C. 0.05 wt. % C 
Elements which form alloys with iron affect the temperature 
(5) 
range of stability of its allotropes in one of two ways. They may 
depress the .£- lr transition and raise the '(- 6 transition (thus 
widening the range of stability of the ( phase); or they may de-
press the t- d transition and have little effect on the oL. - Y 
, 
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transition (thus shrinking the stability range of the ¥ ·phase.) 
Examples of alloying elements which illustrate the latter property 
are silicon, chromium, tungsten, molybdenum, tin, boron, sulfur, and 
aluminum. On the other hand, elements, such as manganese, nickel, 
and cobalt increase the temperature range of stability of ){-iron; 
furthermore, each of these three elements is appreciably soluble in 
the .C... and t- iron phases. Additionally, elements such as copper, 
zinc, gold, nitrogen, and carbon also increase the temperature range 
of t -stability. These five elements, however, may form intermetallic 
compounds as well as solid solutions with iron. 
At this point, having located carbon in its proper position 
among the elements which are soluble in iron, it would be of interest 
to study the iron-carbon constitutional diagram, Figure 1. Only the 
region from zero to 6.67 weight per cent carbon is shown, because the 
remainder is of little importance, and has never been carefully 
studied. Note that there exists a eutectoid at 725°c and 0.83 weight 
per cent C, known as pearlite. This substance is characteristic of 
the iron-carbon system, and will later be discussed in detail. Also, 
one eutectic, ledeburite exists at 1140°c and 4.3 weight per cent c. 
Finally, a fourth single-phase region, an intermetallic compound known 
as cementite (Fe3c), containing 6.67 per cent weight C, is shown on 
the right edge of the diagram. Cementite (see Figure 3), the most 
stable of the carbides of iron, is also a constituent of pearlite. 
Consider now some of the structural details of various 
phases present in the iron-carbon system. The phenomena described 
can only occur precisely as written if the specimens are cooled at an 
I 
,, 
' ..... 
-
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Fig. 3: Possible Molecular Structure of Cernentite 
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• • represents carbon 
............ 
infinitely slow rate. Since this cannot happen in practice, this 
discussion must be considered idealized. Suppose a sample of pure iron 
0 
were heated to 1000 C, and by some process, 0.5 weight per cent car-
bon were dissolved in it. By Figure 1 this specimen would exist in 
the one-phase austenitic region. According to the Gibbs phase rule, f 
Degrees of Freedom= components - phases+ 2 (1) 
f'---'-> 
this iron-carbon alloy has two degrees of freedom, considering only 
the condensed phases so that pressure is not a factor. 
Since the composition and temperature have been specified, 
the alloy can be represented by a single point shown as point A on 
Figure 1. A typical photomicrograph of this substance, schematically 
illustrated in Figure 4 would show a series of regular homogeneous 
grains. If the specimen were cooled slowly, holding its composition 
constant, the path followed would be represented by line AB on 
Figure 1. (A series of photomicrographs taken along the path AB 
would be indistinguishable.) Below point B the alloy enters a two-
phase region, and by equation (1) only one degree of freedom exists 
within this region. The mean composition of the two-phase mixture 
is still 0.5 weight per cent C, as expressed by line BC. However, 
the precise composition of the individual phases is represented by 
the intersection of the horizontal tie line drawn at the tempera-
ture of interest with the boundaries of the region in question. By 
applying this reasoning, it can be seen that as the temperature de-
creases slowly, the austenitic phase must increase in carbon content 
:_-., -· _.:: .. _-;·:·; ____ ---.-· 
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-to remain stable, as indicated by line BO. Since the overall composi-
tion of the specimen must remain constant, the following phenomenon 
occurs: the dissolved carbon is slowly redistributed within the 
specimen, creating carbon rich austenitic areas and carbon poor 
areas. Simultaneously, the carbon poor areas transform to ferrite, 
and appear at the grain boundaries of the austenite. This phenomenon 
which occurs between points Band C is illustrated schematically in 
Figure 5. When the eutectoid temperature, 725°c, is attained, all 
the austenite remaining in the specimen undergoes the eutectoid 
transformation described by equations (2) and (2a). 
Solid I 
cooling 
Solid II+ Solid Ill (2) 
heating 
Specifically, for the pearlite eutectoid, 
Austenite 
cooling 
Ferrite+ Cementite (2a) 
heating 
At the eutectoid, the austenite phase contains 0.83 weight 
per cent carbon. This carbon is redistributed within the phase to 
form thin plates (lamellae) of cementite, which contains 6.67 weight 
per cent carbon, and the remainder of the austenite, which now con-
tains about 0.05 weight per cent carbon, transforms into ferrite. 
The ferrite-cementite interleaved structure is called pearlite. A 
schematic representation of a typical pearlite-ferrite mixture is 
given in Figure 6. The alternate ferrite-cementite lamellae form 
a diffraction grating, which causes the pearlite to glow with a 
-12 
FIG, 4: SCHEMATIC ILLUSTRATION OF PURE AUSTENITE 
Ferrite grain 
Austenite grain 
EIG, 5: SCHEMATIC ILLUSTRATION OF AUSTENITE-FERRITE 
MIXTURE 
Pearlite grain 
Ferrite grain 
~: SCHEMATIC ILLUSTRATION OF PEARLITE-FERRITE MIXTURE 
.~ 
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mother-of-pearl luster-- hence its name. If the temperature is slowly 
decreased further, to point D, or below, the microstructure remains 
substantially the same as shown in Figure 6, except that the satura-
tion carbon content of ferrite diminishes slightly, and some excess 
carbon is segregated at the grain boundaries. 
Consider a second example, one in which a specimen of iron 
is heated to 1000°c; and, by some means, 0.83 weight per cent carbon 
is dissolved in it. This austenite alloy is represented by point M 
on Figure 1. If the temperature is slowly lowered, nothing happens 
to the austenite until it attains the eutectoid temperature; and be-
tween points Mand O, its microstructure resembles the sketch in 
Figure 4. At point 0, the entire specimen transforms to pearlite in 
the manner previously described; and this substance, shown schematically 
in Figure 7, remains substantially intact if the temperature is slowly 
decreased further toward point Tor below. 
As a final example, consider a specimen of iron heated to 
0 
1000 C, to which 1.0 weight per cent carbon has been added. This 
specimen is represented by point Q on Figure 1. Again, its micro-
structure at any point between Q and R resembles the sketch in Figure 
4. Below point R - the entrance to a two-phase region - the opposite 
situation occurs than was described in the first case. That is, the 
\ 
austenite phase, as represented by line RO must lose carbon in order 
to remain stable as temperature is slowly lowered; but, since the 
total carbon content of the specimen remains constant, again the 
carbon must physically be rearranged within the alloy. This occurs 
I 
) (, . 
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El.G__l: SCHEMATIC ILLUSTRATION OF PURE PEARLITE 
Cementite layer 
Aus teni te grain 
FIG, 8: SCHEMATIC ILLUSTRATION OF AUSTENITE-CEMENTITE 
MIXTURE 
grain 
Cementite layer 
FIG, 9: SCHEMATIC ILLUSTRATION OF PEARLITE-CEMENTITE 
MIXTURE 
---~ 
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through the formation of a single-phase intermetallic compound cementite 
(Fe3c), which contains 6.67 weight per cent carbon, and which is pre• 
cipitated at the austenite grain boundaries. A schematic representa-
tion of this two-phase mixture is given in Figure 8. Upon further 
slow cooling, at 725°c, all the remaining austenite transforms to 
pearlite as previously described, leaving c,~mentite particles in a 
pearlite matrix which remains substantially unchanged as the tempera-
ture is diminished toward points. Figure 9 shows this mixture 
schematically. 
It is to be emphasized that since all the above phenomena 
involve migration of carbon within a solid phase, perfectly ideal trans-
formations can occur only when the temperature changes at an infini-
tesimally slow rate. Since such a process may at best be only approxi-
mated, it follows that the ideal allotropic transformations described 
cannot be obtained precisely. 
Having observed the complexities of the iron-carbon system, 
it remains to determine the most efficient means of carburization; 
· that is, introducing pure carbon into the bulk of an iron specimen. 
Theoretically, any substance which can be made to liberate atomic 
carbon serves as a candidate for a carburizing agent; and processes 
can be devised which employ solid, liquid, or gaseous carburizing 
agents. When all factors are considered, it appears that the use of 
gas as a carburizer leads to the quickest, easiest to control pro-
cesses, which involve uncomplicated apparatus.·· For this reason 
gases have been used exclusively as carburizing reagents in this 
study. 
I 
·I 
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There exist several popular methods of carburizing by 
gas;(J,4,14, 22 , 23, 25) equations (3), (4), (5),and (6) are basic rela-
tions describing four of them. 
(3) 
(4) 
(5) 
2 CO ~._ CO2 + [ C] (6) 
where [c] represents molecular carbon absorbed into the iron or 
liberated as a graphite particle. 
Of these four methods, the ones involving ethane and butane 
are most complicated. The one involving CH and H is relatively 
4 2 
simple to control, and considerable equilibrium data for the reaction 
exists. The CO - co2 reaction, however, is still easier to control 
and even better characterized, and has the added advantage of employ-
ing the least dangerous gaseous components. Largely for this last 
reason, the CO - co2 system (equation (6)) was chosen for exclusive 
use in this study. 
In order to develop a gas carburization process, two funda-
mental concepts must be considered; (i) the diffusion, influenced 
by the properties of iron, of carbon into the bulk of the metal, as 
(10) 
defined by Fick's law in one dimension 
--~ 
1·, ... ------
'.i:. 
-
dC 
-dt 
dC = time rate of flow of carbon across iron area S, 
dt 
D = diffusivity 2 Cm /sec, 
-17 
(7) 
dC - concentration gradient of carbon in iron, where xis the depth dx -
of penetration beneath the iron surface, 
and (ii) the equilibrium expression for the prevailing carburization 
reaction, which can usually be approximated by an expression of the 
form 
log K = A 
(25) 
- - B T 
(8) 
K = equilibrium constant (defined below), 
T = absolute temperature, and 
A,B = constants. 
Considering the former aspect first - the diffusivity of 
carbon in iron is a function of carbon concentration at the iron 
surface and temperature. For example, representative experimental 
values of Data typical carburizing temperature, 9S0°c, are given 
in Table 2. 
___ ... -'~ -
,. 
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Table 2. Diffusivity of Carbon in Austenite at 950°c 
Diffusivity, D, 
2 
cm Iser. x 107 
Surface Concentration Wells and Mehl(4l) Harris(
2l) 
of Carbon, weight per 
cent 
0.22 1.60 1.32 
0.44 1.85 1. 74 
0.66 2.12 2.17 
0.88 2.36 2.59 
1.12 2.64 3.06 
Q 
The form of the carbon gradient in an infinitely thick section 
(24) 
of austenite is shown as line AB in Figure 9a, The axes have 
been graduated as follows: The point { y = 1, x = o} represents 
the prevailing carbon composition at the surface of the iron. The 
point {x = ex:>, y = o} indicates that the carbon content of the iron 
core is negligible. It remains now to construct a straight line 
starting at point tY = 1, x = o} and with the proper slope, so 
that the area enclosed by the triangle formed by this line and the axes 
is equal to the area between the gradient curve and the axes. The 
point where this line intersects the x - axis is denoted as x = 1, 
and it is defined as the maximum "case depth" or "carbon spread" into 
the bulk of this infinitely thick specimen of iron. In addition to 
being a function of diffusivity, case depth is also proportional to 
the same typical experimental data obtained by F. E. Harris,<
21
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FIG, 9A: CARBON GRADIENT IN AN IRON SPECIMEN EXPOSED TO A 
SOURCE OF ATOMIC CARBON 
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Table 3. Case Depth vs. Temperature in Steel 
Case Depth 
inches (ta time (hrs.) ) 
0 .025 -ft" 
0.021 ft 
0.018 .JT 
0.016 -{t 
0.014 {t 
Temperature of Carburization 
oc 
927 
900 
870 
845 
815 
(24) In addition, Harris has correlated this data into a general 
expression which describes case depth as a function of time and 
temperature: 
I. 31.6 -ft l 
case depth (inches)~ L 
10 6700
/T ) 
t = time in hours, T = temperature in degrees Rankine. 
(9) 
The foregoing material, as previously stated, concerns only 
the diffusion of carbon into an iron specimen- not the means by 
which carbon is provided for the reaction. Considering this latter 
detail - equation (8) can be rewritten with the following constants 
{after Harris(4 , 24)) 
f -15966 
loglO K = l T + 9 .060} 
where Tis temperature in degrees Rankine, and 
(10) 
1: 
I, ·~. 
} 
\ 
. i 
! 
,., 
, . . 
'·\,.~ 
:~u 
,11., 
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K = (11) 
where (ai) denotes activity of species i when the following reaction 
occurs 
2 co CO2 + C 
(i = C, CO, CO2) 
Since activities are by definition relative fugacities, 
(Fi) 
(ai) = (Fio) 
(6) 
(12) 
where (Fio) represents the fugacity of a chosen standard state, if 
the standard state for CO and co2 gas is chosen as 1 atm, equation (11) 
becomes 
(F C0) 2 
K =------ (13) 
(F CO2) (aC) 
Since system pressures of the order of 1 atm are used, the partial 
pressure may be substituted for the fugacity (ideal gas assumption) 
without introducing significant error. In addition, the activity of 
carbon can be written in terms of an activity factor, A, where 
weight per cent carbon in solution at temp. of interest A=--------------------------
saturation per cent carbon at temp. of interest 
Now, equation (13) can be written as 
(P co) 2 
K =-...;...-~--
(P CO2) { A) 
(14) 
J 
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Assuming the reacting gas atmosphere contains only CO and CO2, the 
total volwne of gas can be set equal to 1, the mole fraction of CO to 
(x), and the mole fraction co2 to (1-x). Then, substituting in equa-
tion (14) 
PT x2 
K= --{A! (1-x) (15) 
where PT is total system pressure (always equal to 1 atm in this study.) 
As a result, for O ~ A f 1.0, the required gas ratio may be calculated 
as follows: 
(i) choose A and temperature, 
(ii) solve equation (10) for K, 
(iii) solve equation (15) for (x), (1-x). 
Similarly, for given A and x, temperature may be calculated. Since 
equation (15) yields two roots per-value of K, care must be taken to 
choose the proper one. This is not usually difficult, since for most 
values of Kand A, the incorrect value of x is negative. It is 
possible to inject inert carrier gases into the CO - co2 stream, in 
which case minor adjustments must be made to equation (15). This is 
often done industrially in order to conserve gas and minimize expense. 
To illustrate equations (10) and (15), some values for (x) 
and (1-x) have been calculated, and are presented in Table 4. 
, . 
. 
,\/ii1{ 
'·.,,.'.:' 
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Table 4. Some Calculated co-co2 Ratios for Given Temperature 
and Desired Equilibrium Percentage Carbon. 
(See Appendix C, page 67 for Further Information) 
0 A Weight Per Cent Carbon Per Cent Per Cent Temp., C 
in Equilibrium with co CO2 
Iron 
815 0.490 0.5 95.3 4. 7 
815 0.588 0.6 95.9 4 .1 
815 0.686 0.7 96 .5 3.5 
815 0. 784 0.8 96.9 3.1 
815 1.000 1.02 (Sat.) 97.7 2.3 
845 0.740 0.8 97.8 2.2 
845 0.925 1.0 98.3 1. 7 
845 1.000 1.08 (Sat.) 98.5 1.5 
870 o. 715 0.8 98.6 1.4 
870 0.893 1.0 98.8 1.2 
870 1.000 1.12 (Sat.) 99.0 1.0 
It is believed that CO molecules are chemisorbed on the iron 
surface and react either with another chemisorbed CO molecule, or 
with an unadsorbed gas-phase CO molecule, forming CO2 and liberating 
carbon, which is eventually absorbed into the iron, while the CO2 
molecule rises. The presence of co2 greatly inhibits the release of 
carbon atoms, and Table 4 illustrates that only a small fraction of 
co2 - particularly at higher temperatures -
is needed to control the 
reaction. 
ii 
' I I_ ........... -· ·'-
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2.2 STATEMENT OF PROBLEM 
The specific task involved in this phase of the project is 
as follows: to synthesize iron-carbon alloy powders containing 
pearlite and ferrite phases, which have a combined carbon composition 
ranging from 0.5 to 1.0 weight per cent, which have substantially 
the same specific surface area as the starting material, and which are 
as much as possible free from oxides and other contaminants. 
A number of difficulties have been found and corrected. 
These include 
(i) loss of surface area due to sintering of the 
particles, 
(ii) formation of oxides during cooling of the product, 
(iii) inability to identify products through micro-
structural analysis. 
2.3 APPARATUS AND MATERIALS USED 
The apparatus used in this study, which is similar to that 
(11 19) (33) 
used by Hahn and Muan ' and McNulty , shown schematically in 
Figure 10, consists of the following items: 
A, Three U-Tube manometers, filled with di-n-butyl 
phthalate. 
B. One tri-necked glass mixing bulb, 500 ml. 
C. Three capillary tubes, with 1-\ ±\nun, 2 ±\nun 
or 3\ ± 3/8 mm bone, as required, depending on flow. 
V 
-· . 
/ 
•L < 
. .., 
FIG, 10: SCHEMATIC ILLUSTRATION OF EXPERI~~NTAL A 0 PARATUS (1) 
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D. Three leveling bottles and bubbling tubes, filled 
with di-n-butyl phthalate. 
E, One tubular multiple-unit electric furnace, 1-1/8" bore, 
0 
115 volt - 750 watt; temperature range 100 - 1075 ; 
equipped with powerstat rated at 8 amp. maximum; used 
with fused alumina (mullite) furnace tube, 1-1/8" O.D. 
x 7/8" I.D. x 24" long. 
F, One well-type electric furnace, containing 311 I,D. x 8" 
deep fused alumina (mullite) tube, externally wound at 
eight turns per inch with B & S gauge No. 22 chromel-A 
wire, and equipped with powerstat rated at 8 amp. maximum. 
Temperature range 100 - 110~ to be used wlth packed 
and fluidized beds. 
G. Chromel-alumel thermocouple used in connection with 
Leeds and Northrup potentiometer, model 8667, sensitivity 
+ 1°c. 
H, Reaction chamber, AISI-CL-304 stainless steel, 3/4" 
diameter x 4" long, used for packed and fluidized beds. 
The materials used in this study include the following 
Carbon Dioxide - 99.81. pure 
Carbon Monoxide - 99.5% pure 
Helium - 99.995% pure 
supplied by Air Products and Chemicals; Inc. 
Iron Powders: Reduced carbonyl iron powder, average particle 
sq. meters 
size. 60 M, specific surface area O .3 , 
.,. grm 
·\, 
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supplied by the General Aniline and Film Corporation· Code No. 
1 • 1 • 63766 
Massive Iron Specimens: 
Hot-rolled iron, impurities 800 p.p.m. 
supplied by Bethlehem Steel Corporation. 
2 .4 EXPERIMENTAL PROCEDURE 
2.4.1 First Method - Horizontal System 
Approximately ten grams of carbonyl iron powder is filtered 
three times through a -200 mesh screen, and lightly sprinkled into a 
fused alumina combustion boat. (\" x 3-3/4" x \" deep) A gross 
specimen of iron \ 11 x \ 11 x 1/16" thick, is placed in the boat and 
covered with powder. The boat is then placed in the hot zone of a 
7/8" I.D, combustion tube, along with a thermocouple. The tube had 
previously been heated to the required temperature and purged of un-
desired gases by passing pure helium through it for 30 minutes, 
followed by the desired co-co2 ratio for 30 minutes. The proper 
co-co2 ratio is obtained by passing pure CO and co2 through a gas 
mixer(l9,33) which consists of an individual capillary flowmeter for 
each gas plus a third flowmeter to regulate the mixture flow rate 
to the furnace. The individually metered CO and co2 are mixed in a 
500 ml glass bulb prior to passage through the third flowmeter. Up-
stream gas pressure is controlled by a bubbler tube in which the head 
of fluid could be controlled with a leveling bulb. The flowmeters 
,\ 
,,-... 
I 
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were previously calibrated* with a Precision Scientific Company wet• 
testmeter, and the accuracy of several samples was checked by 
standard Orsat analysis. Gas velocity through the furnace tube is 
I 
maintained at 0.9 cm/sec., the velocity which was found(ll,l
2) to 
minimize the combined effects of nonequilibrium gas-phase temperature 
(caused by excessively rapid flow) and separation of the CO and co2 
by thermal diffusion (noticeable at excessively slow flow). 
The gas mixture is passed once through the furnace tube 
and over the iron powder, and is then vented to the atmosphere through 
a hood. Within the tube, pressure is always very nearly one atmosphere; 
and the "hot zone" in the center of the furnace which is approximately 
3% inches long, maintains temperatures constant to within± s
0c along 
its length. During carburization the maximum temperature variation 
is less than+ 1°c. 
When the required carburization time, as determined from 
equation (9), usually 24 to 30 hours, elapses, the co-co2 mixture is 
shut off and pure helium is passed through the system. After fifteen 
more minutes, the furnace is disconnected and allowed to cool to room 
temperature- about six hours-- while the helium atmosphere is main-
tained. After cooling, powder and gross specimens are stored at o
0c ,, 
'- --
until analysis can be made. 
2 .4 .2 s~~QnQ. Method: Vertical System 
Approximately ten grams of carbonyl iron powder was placed 
-------------
-------
*See Appendix B, page 63 
.... 
-29 
in a 3/4 inch diameter by 4 inch long steel reaction c;~ '1rnber. A CO-CO2 
mixture metered as in method (1) was passed upward through the pu~··der at 
10 cc/min. for packed bed and 50 cc/min. for fluidized bed. The chamber 
was placed in a well-type furnace and heated to the desired temperature 
for the required time, then cooled in helium as previously described. 
A massive specimen was placed in the bed. The thermocouple was placed 
outside the reactor. 
2.5 SOLUI'ION TO PROBLEMS 
2.5.1 Sintering 
It was noted in early experimental work that carbonyl iron 
\ powde~
1
t when transferred directly from container to combustion boat, 
11 • ,., 
tends to sinter, or to form solid bonds between particles which cannot 
be broken without actually destroying the integrity of the individual 
particles. This phenomenon occurs at temperatures well below the 
normal carburization range, and in relatively short exposure times. 
A series of investigations revealed the following: 
(i) Tendency to sinter is sharply increased if the powder 
is packed into the boat under pressure (Figures 11 and 12, line 1). 
(ii) Tendency to sinter is sharply decreased if the powder 
is filtered through a fine-mesh screen several times, ond then allowed 
to fall gently into the combustion boat (Figures 11 and 12, lines 2-5). 
(iii) Tendency to sinter is greatly reduced if the reactant 
powder is heated in a fluidized bed (Figures 11 and 12, line 6) • 
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larity between Figures 11 and 12. 
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dependent, 
snot depend upon the 
The procedure followed in obtaining 9-ata for Figures 11 and 
12 is as follows: Samples were carefully pafd into a .combustion 
boat in the prescribed manner, and the boat was placed into a horizon-
tal furnace which was preheated to the proper temperature, and which 
contained the prescribed atmosphere. When the prescribed time had 
elapsed, the boat was removed and the powders characterized according 
to the following scheme by visual analysis. 
(A) No sintering - no change in powder sample. 
(B) Slight cohesion - powder restored to normal by 
stirring or shaking vigorously. 
(C) Slight sintering - weak solid bonds formed - slight 
abrasion required to restore to normal. 
(D) Severe sintering - strong solid bonds formed - grinding 
required to restore to normal. Particles permanently 
distorted. 
(E) Fusion - loss of identity of individual particles. 
This investigation was performed by eye, as well as with the aid of 
light microscopy, where applicable. The specific data is presented 
in Table 5, and is shown in the Appendix. 
It is c ncluded from the data that sintering of the iron 
powder can be cont olled sufficiently to allow its use in this study. 
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2.5.2 Formation of Oxides 
It was discovered that, if, after the co-co2 mixture is 
shut off,and the carburized specimens are allowed to cool in the com• 
bustion tube without passing any additional gas through it, sufficient 
air diffuses into the tube to cause oxidation of the powders, as is 
evident from the red color attained by the surface layers of powder, 
as well as from additional X-ray diffraction lines. This oxidation 
reaction seems most active in the 200-300°c temperature range. It was 
found that inunediate substitution of helium for the carburizing gases, 
followed by a short period at the reaction temperature to purge most 
of the co-co2 mixture from the tube, and finally cooling the system 
while maintaining the helium atmosphere, inhibits the diffusion of 
oxygen into the system and the subsequent formation of oxides. 
2.5.3 Characterization of Samples 
Preliminary photomicrographs of carburized powder specimens 
revealed microstructural characteristics which could not be identified. 
Additionally, X-ray diffraction patterns are difficult to analyze be-
cause most of the lines are diffuse and difficult to identify. It 
was decided, therefore, to carburize a normal massive specimen of 
pure iron with the powder, to analyze this specimen, and to compare 
it with the analysis of the powder samples. An outline of the specific 
analyses is as follows in Table 6. 
~ :1 
:i 
I, {; 
i 
111 
I_ -tL 
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Table 6. Method of Analysis of Products 
Analysis Specimen 
Powder Gross 
---
1. Photomicrographs X X 
compare 
2. X-Ray Diffraction X X 
Total Carbon 
compare 
3. Chemical Analysis X X 
In summary, analyses (2) and (3) were made and the results 
compared for gross and powder specimens. If agreement was found, it was 
assumed that the microstructures determined by analysis (1) were reason• 
ably equivalent. No difficulty was encountered in the interpretation 
of the microstructures of massive specimens. 
2.5.4 Minor Problems 
With the exception of the three major difficulties explained 
above, experimental work in this phase of the project proceeded smoothly. 
It was found necessary to provide additional asbestos insulation for 
the furnace at temperatures over 900°c, in order to prevent excessive 
heat transfer. It was also necessary to provide cooling coils for 
the ends of the combustion tube in order to protect the rubber gaskets, 
tubing, and plugs attached to the tube. X-ray diffraction patterns 
(16) 
were made via the standard powder (Debye-Scherrer) method, irradiat• 
ing with iron oxide-filtered-cobalt. Exposure times were kept very 
low (15 to 30 minutes) to prevent overexposure caused by the X-ray 
scattering due to extremely fine particle size. 
. _J 
J 
\ .. 
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2.6 EXPERIMENTAL RESULTS 
A large number of iron specimens were carburized in the 
horizontal system (Figure 10) previously described, and a few in 
packed and fluidized beds. It was found that although the presence 
of a gross specimen appears to interfere with the free circulation in 
a fluidized bed, a vertical system provides more even conversion 
throughout the mass of the powder than its horizontal counterpart 
during initial stages of reaction. If, however, sufficient time is 
allowed for the diffusion of gases throughout the powder; i.e., the 
~_r,eaction is allowed to reach equilibrium, (and precaution is taken 
( 
' 
against sintering), the carburized results of the three methods appear 
to be identical. 
To test the system, and to observe the initial stages of 
carburization, a number of gross specimens were examined at various 
stages during the reaction, and case depths were measured, using a 
metallograph with a calibrated eyepiece. In addition, theoretical 
case depths were calculated from equation (9),, The results and com-
parisons are given in Table 7. 
It can be seen that physical measurements of case depths 
correspond reasonably closely to the work of Harris (equation (9) ), 
especially at long reaction times. It is interesting to note that 
every single measurement recorded in Table 7 represents a carburized 
case slightly thicker than the one predicted by Harris' equation, a 
phenomenon probably caused by slight inaccuracies in the atmospheric 
composition or the system temperature. A typical photomicrograph of a 
partially carburized massive specimen is given in Figur~ 13. 
,,, 
Sample 
Code No. 
222 
223 
224 
225 
226 
227 
228 
229 
230 
Arith-
matic 
Mean 
Theore-
tical 
byEq.(9) 
Per Cent 
Differ-
ence 
J 
I ,, 
,; Ii 
I I I I' --·-.--,2·,1 
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Table 7. Case Depths as a Function of Time 
-- Reaction Time (Hours) __ .,. 
2 4 8 16 30 36 
' 0.030 0.038 0.055 0.075 0.100 0.110 
0.035 0.040 0.056 0.076 0.100 0.109 
0.038 0.038 0.055 0.074 0.100 0.110 
0.028 0.040 0.057 0.077 0.102 0.111 
0.034 0.040 0.056 0.075 0.099 0.110 
0.031 0.039 0.055 0.076 0.101 0.109 
0.029 0.041 0.057 0.075 0.110 0.110 
0.032 0.038 0.056 0.076 0.102 0.109 
0.030 0.039 0.055 0.075 0.101 0.110 
0.032 0.039 0.056 0.075 0.100 0.110 
0.025 0.035 0.050 0.071 0.097 0.108 
28% 10% 12% 5.61.. 2.91 1. 91.. 
(Case depth measurement in inches) 
Temperature: 871°c 
Composition of gas: CO= 99.Di, co2 = 1.0%. 
At this composition, the corresponding equilibritDD 
carbon content of iron at 871°c, calculated by equations 
(10) and (15) is 1.12 weight per cent, which corresponds~ 
to saturation carbon content at 871°c. 
• I 
I 
I Iii 
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With respect to carburized powder alloys, a large number of 
powder-bulk samples were reacted as previously described, and all were 
examined microscopically and by X-ray diffraction. In addition, several 
were analyzed chemically for total carbon content. The results are 
given in Table 8. 
Table 8. Chemical Analyses of Carburized Samples 
Carburization Carbon Composition Total Wt.% Carbon Sample 
Conditions (From Eq,(10) & (15) By Chemical Analysis Code 
---
-- Number 
% co Temp. Sys-
+ 0.1'7. oc tern Desired Wt. % Powder Gross 
- +s0 c Used' 
-
95.3 815 Horiz. 0.50 0.53 0.53 231 
95.3 815 Horiz. 0.50 0.52 0.53 232 
95.3 815 Fluid. 0.50 0.53 0.53 233 
95.9 815 Fluid. 0.60 0.62 0.63 234 
95.9 815 Horiz. 0.60 0.63 0 .. 64 235 •\ 
95.9 815 Horiz. 0.60 0.63 0.63 236 
96 .5 815 Horiz. 0.70 0.74 0.74 237 
96.5 815 Horiz. 0.70 0.74 0.74 238 
97.8 845 Horiz. 0.80 0.81 0.81 239 
97.8 845 Horiz. 0.80 0.80 0.81 240 
98.1 845 Horiz. 0.90 0.94 0.94 241 
98.1 845 Fluid. 0.90 0.92 0.93 242 
98.8 · 870 Horiz. 1.00 1.04 1.03 243 
98.8 870 Horiz. 1.00 1.03 1.03 244 
The maximum deviation from theoretical calculations is 6 per cent • 
~ 
'I 
., 
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In addition, some typical photomicrographs of gross and powder speci• 
mens are shown in Figures 14 through 20. X-ray diffraction patterns of 
all samples were for the most part identical, and representations.of 
these are shown in Figure 21. 
The data given indicates that carburized specimens containing 
pearlite can be made in the range 0.5 to 1.0 weight per cent carbon 
with the present apparatus. There is no reason to assume that these 
limits cannot be extended both ways toward zero and to 1.8 weight 
per cent carbon, if desired. Such experiments were not included in 
this investigation merely to conserve time and materials. Since, by 
the Gibbs phase rule, equation (1), there are two degrees of freedom 
in the austenite range, it is possible to choose among a wide variety 
of co-co2 ratios, then to calculate the required temperature for a 
given alloy composition. The temperature range reported in this 
study, although somewhat arbitrary, was found to be the most convenient, 
from the standpoints of heat transfer, sintering, and reaction rate. 
FIG. 13: PHOTOMICROGRAPH OF 
PARTIALLY CARBURIZED SPECI-
MEN. (2050x) Boundary of 
carburized case shown (#223) 
FIG. 15: PHOTOMICROGRAPH OF 
CARBURIZED SPECIMEN #234. 
(2050x) 0.63 wt.% Carbon 
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FIG. 14: PHOTOMICROGRAPH OF 
CARBURIZED SPECIMEN #233. 
(Dark areas are pearlite) 
(2050x) 0.53 wt. % Carbon 
FIG. 16: PHOTOMICROGRAPH OF 
CARBURIZ!D SPECIMEN #238. 
(2050x) 0.74 wt. % Carbon 
} 
I 
I! 
- "• I ? 
FIG. 17: PHOTOMICROGRAPH OF 
CARBURIZED SPECIMEN #239. 
(2050x) 0.81 wt. % Carbon 
Fif.19: PHOTOMICROGRAPH OF 
SINTERED UNSIFTED SPECIMEN 
(2050x) (#44] 
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FIG. 18: PHOTOMICROGRAPH OF 
CARBURIZED POWDER SAMPLE #239. 
(2500x) 0.81 wt. % Carbon 
FIG: 20: PHOTOMICROGRAPH OF 
UNREACTED CARBONYL IRON POW-
DER (2050x) 
,, 
- ' 
HEAVY LINES NUMBERED 1-5 REPRESENT THE TYPICAL B,C,C, IRON STRUCTURE 
1 
* 
r 
3 4 
MASSIVE SPECIMEN* 
POWDER SPECIMEN* 
180° 
BOTH SPECIMENS CARBURIZED AT SAME CONDITIONS --
0.74 WT, PER CENT CARBON, 
(SAMPLES NO, 238) 
I I I I I I I I I I I I I I I I I I I I I I I I I 
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3. SYNTHESIS OF IRON CARBIDES 
3.1 THEORY 
3.1.l Basic Methods 
Theta iron carbide, (Fe3c), known as cementite, is an inter-
metallic compound which contains 6.67 weight per cent carbon. It may 
be prepared in several ways, among them the following: 
(i) by dissolving an appropriate amount of graphitic carbon 
in liquid iron, then freezing the solution slowly and 
carefully, 
(ii) by extracting cementite chemically from specimens of steel, 
( iii) by "high temperature" carburization, which is similar to 
the process described in Section 2, 
(iv) by "low temperature" carburi~ation, which is quite differ-
ent from any process previously described. 
Methods (i) and (ii), besides being somewhat beyond the scope 
of chemical engineering kinetics, involve problems heretofore unencoun-
tered. Some of these are production of high temperatures, manipulations 
with liquid iron, use.of apparatus to control the cooling rate of hot 
products, pulverization of massive solid specimens, and, in the case 
of process (ii), the syntheses or purchase of large quantities of high-
carbon steel. 
Methods (iii) and (iv) both appear more promising and both were 
attempted in this study. A more detailed review of these processes is 
given below. 
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3.1.2 High-Temperature Process 
This method is in practice quite similar to the process described 
in Section 2 for the synthesis of pearlitic specimens, except that 
there exists little reliable kinetic data to serve as a guide, and that 
the specific mechanism of cementite formation above 600°c is largely 
unknown. In general, an appropriate co-co2 mixture is contacted with 
iron, preferably a specimen hav\ng high specific surface area, at an 
appropriate temperature, usually, between 600° and 750°c.<4o) The 
overall reactions which take place under this condition are 
2 CO::;:===!::: CO2 + C 
(6) 
3 Fe+ C 
600-800°c (16) 
Reaction (16) probably involves the formation of unstable intermediate 
compounds which have not yet been characterized. A small number of 
specific co-co2 ra
tios and the corresponding temperatures necessary 
(7 ,33) 
to perform the reaction have been determined experimentally, and 
these have been expanded into generalized curves, which are summarized 
in Figure 22. 
Apparently the rate of conversion increases slightly with tem-
perature, possibly because the diffusivity of cementite in iron in-
creases. The exact diffusivity at the temperatures of interest is not 
known, but it must be 
required to carburize 
fusivity of cementite 
quite small, since approximately 48 hours are 
2 0 
a sample of 0.3 m /gm powder at 700 C. The dif-
in ferrite at 100°c is 1o·ll cm2/sec. 
There is one major drawback to the high temperature process for 
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synthesizing cementite. It has been noted by several observ-
(29,30,31,32,37,39) 
ers and confirmed in this study, that the catalytic 
deposition of graphitic carbon from carbon monoxide, according to the 
expression 
takes place between 300°c and 800°c at atmospheric pressure. Prelim-
inary investigations raised the possibility that carbon was deposited 
spontaneously from the gas phase, but electron micrographs published 
(13) by Davis, Slawson, and Rigby show that amorphous carbon deposits 
grow around some nucleus, possibly an iron, carbide, oxide, or dust 
particle, indicating that the reaction is at least initially catalytic 
in nature. 
To investigate the problem of soot deposition during carburiza-
tion, samples of carbonyl iron powder were placed in a boat having an 
inside surface area of 4.90 sq. cm, and were exposed to a stream of 
pure CO flowing continuously at 50 cc/min., at a pressure of 1 atm. 
The powder samples were initially weighed, then exposed to the gas at 
a fixed temperature for ten hours. The samples were weighed a second 
time, and the weight difference divided by ten to obtain an average 
value for weight increase per hour. The results are sununarized in 
Table 9, and in Figure 23. It was assumed that the weight gain due 
to carburization was negligible compared to the weight of free carbon 
qeposited. A f~esh iron sample was used for each trial. 
~ ~· •' • I 
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Table 9. Carbon Deeosited on Iron Powder 
as a Function of Temeerature 
Temperature Weight Gain in Average Weight Gain Sample 
oc Ten Hours (gm) Per Hour (gm) Code No. 
100 + s0 c -0.2151 None 245 
200 -0.2021 N01.e 246 
250 +0.7756 0.078 247 
275 1.0020 0.100 248 
300 2.4492 0.245 249 
350 4.0730 0.407 250 
400 5.0483 0.505 251 
450 12.443 1.244 252 
500 14.958 1.496 253 
550 16.003 1.600 254 
600 17.138 1. 714 255 
650 15.057 1.506 256 
700 10.102 1.010 257 
750 7.2622 0.726 258 
780 2.4985 0.250 259 
850 0 .1313 None 260 
900 0.1376 None 261 
950 0,1040 None 262 
·' I 
~. 2.0 atmosphere: pure co 
m 
-G1 velocity: 50 cc/min. 
:r: 
--t pressure: 1 atm. 
G1 
r )> chamber surface area: 4.90 sq. cm. 
-:z 1.5 
0 
'Tl 
en 
)> 
3: 
-c 
r 1.0 m 
~ 
G1 
A1 )> 
3 
en 
......... 
:r: • 0 0.5 C: 
:::0 
........ 
o.o 
200 300 400 500 600 700 800 
900 
TEMPERATURE (DEGREES CENTIGRADE) 
.. 
FIG, 23: DEPOSITION OF CARBON ON IRON POWDER AS A FUNCTION OF TEMPERATURE 
' 
/ 
,..___ 
-48 
It is not to be implied that the rate of weight change remains 
constant throughout each trial. In fact, it can be shown that the 
specimens, if heated over l00°c, initially lose weight, because water 
vapor and other contaminants are expelled from the iron. Next, the 
specimen appears to gain weight rapidly, probably because carbon is 
initially chemisorbed. After, period of time, the rate of weight gain 
decreases and becomes nearly a linear function of time. Some typical 
data are shown in Table 10 and in Figure 24. 
Table 10. Carbon Deposited on Iron Powder as 
a Function of Time 
Total Weight Change, Grams 
Time (Hr.) Sample Sample 
400°c 264 @ 600°c + 5 min. 263 @ 
0 0 0 
0.5 -0.2007 0.0302 
1.0 -0.0050 0.5065 
·<: 
, ~·· 
2.0 +1.1174 3.1340 
3.0 1.4070 4.5016 
4.0 2.0106 6.5518 
5.0 2.3894 8 .1118 
6.0 2.9986 No Data 
7.0 No Data No Data 
8.0 4.0987 No Data 
9.0 No Data 15.012 
10.0 5.0156 16.946 
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The problem of sooting, or deposition of free carbon on the 
iron surface, renders the specimens W1eless for their intended purpose. 
Since there is apparently no way to avoid the sooting- McNultyC33) 
reporting a minimum of 8.0 weight per cent carbon in his cementite-- it 
appears best to seek another means of synthesizing this compound. 
3.1.3 Low-Temperature Process 
Cementite(J4) is not the only intermetallic carbide of iron. 
(28) (18) (15) 
At least three others - ( -Fe2c, .X.- Fe2c, and FeC have 
been identified, and more doubtlessly exist. A suaaary of the proper-
ties of the compounds that have been studied appears in Table 11. 
(27) 
Table 11. Carbides of Iron 
Name Formula Crystal Class Density 
p/cc 
Cementite Fef Orthorhombic 7.692 - 7.74 
Episilon ( -Fe2c h .c .p. 7.20 
Hagg X. -Fe2C Orthorhombic 
? 
Eckstrom & 
Adcock FeC ? ? 
All of these carbides are unstable and decompose spontaneously to pure 
iron and graphite. In addition, they are unstable with respect to 
(27) 
each other, their order of stability being as follows: 
Fef > .X. -Fe2c > E. -Fe2c > FeC 
This is to say that Fe3c has the greatest stability, while FeC is least 
stable. The exact mechanism of decomposition to Fe and C is not precisely 
known. 
'} 
' 
-51 
(6,20) 
At temperatures below 110°c, CO reacts quantitatively 
with ferrite to form E. - Fe2c. At temperatures between 170°c and 
230°c, increasing amounts of X. - Fe2c are formed, until at tempera-
o tures above 230 C, no £ - Fe2c can be detected. At temperatures above 
420°c, ):.- Fe2c is readily transformed in vacuo into cementite via a 
nucleation and growth mechanisrn.< 27 ) One possible route from ferrite 
to Fe3c making use of
 these low temperature steps would be as follows: 
2 CO+ 2 Fe 
2300c 
CO2 + l,- Fe2c 
420°c 
3 X. - FezC ... 2 Fef + C r"' 
vacuo 
or, to avoid free carbon depO'Sits 
X.- Fef + Fe 
420°c 
,- Fe3c 
vacuo 
(17) 
(18) 
(19) 
Reaction (19) requires the presence of free iron in intimate 
contact with Fe2c. Therefore, only partial completion of reactio
n (17) 
leaving some unreacted iron to be constm1ed in the transformation to 
Fe
3
c appeared to be a reasonable route to the production of Fe3c. 
3.2 STATEMENT OF PROBLEM 
The specific task involved in this phase of the project is 
as fo
1 
llows: To synthesize cementite, Fe3c, in a pure, high-surface 
'"( 
area form, It is especially important that the product be esscmtially 
free of soot and oxide deposits. A secondary task is the synthesis 
I and maintenance of a less stable carbide of iron, X.- Fe2c. 
J 
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Some difficulties have been found in developing a suitable 
process. These include: 
(i) deposition of graphitic carbon on the specimens, 
(ii) decomposition of reacted specimens, and 
(iii) storage and identification ot metristable intermediates. 
3 • 3 APPARATUS AND MATERIALS USED 
The apparatus used in this phase of the study is essentially 
the same as that described in Section 2.3, and shown in Figure 10. 
Both the horizontal system and packed bed techniques were employed as 
before, except the steel reaction chamber, Section 2.3-(H), was re-
placed by a similar glass chamber for packed bed studies. 
In some trials, where only pure CO was used as a reagent 
gas, a recirculating system, containing a small 6-volt automobile 
fuel plllllp, a liquid nitrogen cold trap, and a co2 absorber was de-
veloped from the original system, as shown in Figure 25. 
The materials used in this phase of the study are the same 
as described in Section 2.3 with two additions: 
Red Iron oxide powder (Fe2o3),99.5 per cent pure, 
supplied by the Fisher Scientific Company. 
Hydrogen gas, ultra high purity grade, supplied by 
Air Products and Chemicals, Inc. 
There was no need for massive iron specimens in this phase of the work. 
) 
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FIG,25: SCHEMATIC ILLUSTRATION OF EXPERIMENTAL APPARATUS (11) 
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3,4 EXPERIMENTAL PROCEDURE 
Starting materials for the high and low temperature techniques 
are of two types: 
(i) Carbonyl iron powder, as used in previous section of 
this study, surface area 0,; m2/gm. 
(ii) Fe
2
o
3 
powder, reduced to pure Fe by contact with hot 
hydrogen gas; surface area approximately 9 m2/gm. 
3.4.1 High Temperature Technique 
Approximately ten grams of starting material was passed 
through a -200 mesh screen three times, and lightly sprinkled into a 
fused alumina combustion boat, as in Section 2.4. The boat was placed 
inside a combustion tube which had been previously heated to the proper 
temperature, and purged of undesired gases by passing pure helium 
through it for 30 minutes, followed by the desired CO - CO2 ratio 
(or pure CO) for 30 minutes. After the desired reaction time (usually 
about 48 hours) the sample was removed and stored at o0c prior to 
X-ray and chemical analysis. 
/ 
3.4.2 Low Temperature Technique 
A. Vertical system 
Ten to 15 grams of starting material are packed loosely into 
a glass chamber (Figure 25), which was placed into a well-type furnace 
previously heated to an appropriate temperature (220°C-230°C), Pure 
co was passed at 10 cc/min. upward ·through the powder and out the top 
of the chamber. The exit gas was then passed through a liquid nitrogen 
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cold trap, followed by co2 absorber to remove contaminants and reaction 
products, then pwnped back into the reaction chamber. After the re• 
quired time had elapsed (65-75 hours), the products were rapidly cooled 
and placed in a glass tube, which was evacuated to approximately 10·3 
torr, and the tube end was sealed. The sample was replaced in the 
furnace at temperatures from 420°-450°c for eight to 12 hours, and the 
final product was stored at o0 c. 
B. Horizontal system 
The horizontal system process is identical to the above, 
except that ten grams of the starting materials ate placed in a combustion 
boat, which in turn is placed inside a heated combustion tube, with CO 
circulated through it at 10 cc/min. This method is less desirable, 
because reacted specimens must be exposed to air when removing them 
from the tube. 
3 .5 EXPERIMENTAL RESULTS 
The experiment was run under a nwnber of different conditions 
of the high and low temperature processes. Wherever possible, combined 
and total carbon analyses were obtained, and X-ray diffraction patterns 
were made. The results obtained are stn11lTlarized in Tables 12 and 13. 
Table 12. Results of High Temperature Fe 3c Process 
Weight% Carbon in Products 
Sample % CO in Car- Temp. Combined 
Free* Starting Exposure 
Code No. burizing Gas Oc Carbon Carbon Material Time(hr. 
265 90 700 Undetermined 11.6 
Fe carbonyl 45 
266 80 700 3.5wt.1 10.5 
Fe carbonyl 45 
267 80 750 Undetermined 10.6 
Reduced 30 
Fe20~ 
. 268 70 650 Undetermined 14.4 Fe car onyl 48 
*weight per cent 
) 
f;' 
' 
I: 
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The low temperature results appear thus: 
65 hours 8 hrs. vacuo 
Sample 269:* CO+ Fe :t..- Fe C + Fe Fe3c 
230°c 2 420°c 
75 hours 12 hrs. vacuo 
Sample 270: CO+ Fe l:- Fe2C + F:~ 
Fe C 
220°c 450°c 3 
70 hours 10 hrs. vacuo 
Samples 271, CO+ Fe x- Fe2C + Fe 
Fe3c 
272 22s0 c 430°c 
*Sample 269: Reduced Fe2o3 was used. 
Table 13. Results of Low Temperature Fe3c Process 
Sample C 
269 
270 
271 
272 
C 
Wt. 1. in Fe2c Wt, '1.. C in Fe3c 
ombined Total Free Carbon Combined Total Free Carbon 
arbon Carbon by Carbon Carbon by 
Difference Difference 
7.75 7,70 0.05 3.90 4.70 0.80 
7.70 7.80 0.10 3.80 4.75 0.85 
- 7.85 - - 4.65 -
-
7.90 - - 4.70 -
Typical X-ray diffraction patterns are given in Figure 26. 
Photomicrographs of partially reacted ,X'-Fe2c, and completely reacted 
Fe
3
c are given in Figures 27 and 28. 
It was discovered that, regardless of the process attempted, 
no cementite having more than 3.9 weight per cent combined carbon 
could be synthesized, although theoretically pure cementite should 
have resulted. Consultation with the metal powders division of the 
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FIG,28. PHOTOMICROGRAPH OF FRESHLY PREPARED CEMENTITE 
(PARTIALLY DECOMPOSED) 
FIGS, 27 AND 28 ARE TYPICAL OF ALL TRIALS 
REPORTED FOR THE SYNTHESIS OF IRON CARBIDES, 
:,I' 
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(2) Glidden Company revealed that pure powdered cementite when not in• 
cluded in a pearlite structure is highly unstable, and tends to decom• 
pose,to elemental carbon and ferrite, or to redistribute its carbon 
into any excess ferrite present until its combined carbon content is 
of the order of 4 weight per cent. In fact, Glidden supplies, at best, 
a mixture of cementite and pearlite in powder form, which has a com• 
bined carbon content approaching 4.1 weight per cent. 
It was also noted that freshly prepared X.· Fe2c decomposes, 
presumably to graphite and ferrite, in the presence of air at room 
temperature within a few hours. Storage of this material at o0 c or 
below apparently decreases its rate of decomposition sufficiently to 
allow the powder to be kept on hand for several days. 
Two interesting sidelights to this study exist. First, it 
was found that reduced Fe2o3 powder is highly unstable in an oxygen 
atmosphere. Inunediately upon exposur.e to air, it re transforms to 
Fe
2
o
3 
via a spectacular exothermic reaction. For this reason, it is 
essential to transfer this material directly from reduction to carburi-
zation apparatus, without exposure to air. 
Second, despite the reports<27> that the reaction 
Fe + Fe2c --+- Fef (19) 
at soo0c, S-6 hours, in vacuo 
has been reported to occur only as written, it has been observed in 
this study that if freshly prepared X-Fe2c is allowed to cool from 
230°c in the presence of helium or carbon monoxide at one atm~ pres-
sure, detectable amounts of cementite can be detected via X-ray d~ffrac-
tion. At the same time, however, the rate of decomposition of X-Fe2c 
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to Fe and C is apparently accelerated. If the same experiment is 
repeated, this time with X-Fe2c in vacuo, no cementite can be detected. 
To summarize the results in this section, it is apparent from 
the data of Table 12 that the free carbon content of the powders pre• 
0 pared via the 600-800 C proc~ss is too high to permit utilization of 
the powder. It is also apparent from Table 13 that pure Fe3c decomposes, 
at least partially, into graphite and iron. Since there appears to be 
no general solution to either problem, it must be concluded that pure 
cementite cannot be synthesized, characterized, and stored sufficiently 
well to allow the use of this powder in other high-precision experi-
mental work. Commercially available Fe3c powders - prepared, for 
example, by an atomization process 0£ molten iron~ are cleaner, but 
most probably are not pure cementite, rather a mixture of cementite 
with other iron-carbon compounds. 
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APPENDIX A 
THE PROPERTIES OF CARBONYL IRON POWDER 
Iron carbonyl is produced by reacting low grade iron powder 
with carbon monoxide(JS) according to the following reaction scheme: 
Fe(s) + 5 CO(g) ~ Fe(C0)5 (g) (20) 
Fe(C0)5 (g) ~ Fe(s) + 5 CO(g) 
(21) 
Reaction(20)occurs when preheated CO is passed over iron powder in a 
converter to form iron penta-carbonyl. This gas is liquefied in a 
heat exchanger, pumped into a storage tank, and sprayed into a heated 
chamber, where reaction (21) occurs. As indicated in earlier parts 
of this report, reaction 6 
2 co ¢LC1 (6) 
occurs simultaneously. As a result, while iron particles - formed by 
nucleation and growth - began to solidify, free carbon solidifies along 
with them. Due to a series of heating and cooling cycles in the re• 
actor, alternate.layers of iron and carbon are deposited, one above 
the other, causing a characteristic "onion-skin" structure to form.· 
After this reaction is complete, the material may be decarburized by 
treatment with hydrogen and the end product is known as "reduced iron 
carbonyl powder". It is to be noted that the title of this substance 
describes the process of its synthesis, not its chemical composition. 
Reduced carbonyl iron is of high purity (99.5l Fe, 0.031 C), having 
a density of 1.68 'l}ll/cc and a sieve analysis as shown in Table 14:(t
7
,
35
,
3
&) 
\ 
s 
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Table 14. Sieve Analysis of Carbonyl Iron Powder 
Mesh Size Diameter, Microns % Powder Particles 
+60 248 0 
-60 + 100 248 to 147 33 
-100 + 150 147 to 104 21 
-150 + 200 104 to 74 16 
-200 + 250 74 to ~ 57 5 
-250 + 325 57 to 43 8 
-325 43 17 
Examination by election microscopy reveals the presence of a somewhat 
larger quantity of extremely small (l·l~) particles than indicated 
by Table 14. The specific surface area is approximately 0.3 m
2
/gm, 
as determined by B.E.T. measurements. The pore size of the particles 
is quite small and, chiefly non-continuous; and when observed at 
magnifications over 2500X, no significant microstructural detail can 
be found. The powders appear visually quite amorphous, but do ex-
hibit the typical B.C.C. X-ray diffraction pattern for iron. This 
pattern is usually partially hidden by dark patches on the film 
caused by random X-ray scatter. 
The primary purpose of this powder is sintering, a process 
which normally occurs at temperatures above 600°c, but which can be 
delayed to 100°c with proper pretreatment of the powder, such as 
sieving. 
.,. 
) 
''/·. ,, I',• 
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APPENDIX B 
CALIBRATION AND TESTING OF APPARATUS 
Each flowmeter was calibrated with a Precision Scientific Co. 
wet test meter, and plots were made of volu,ue flow rate versus pressure 
drop thru the capillary. The plot for the co2 flowmeter is shown in 
Figure 29, and that for the CO manometer is shown in Figure 30. Only 
the linear portion of each curve was used when choosing gas ratios for 
mixing. Samples of mixed atmospheres were tested with a standard 
type B Fisher-Orsat apparatus for CO, co2, and air. Table 15 shows the 
results: 
Table 15. Orsat Analyses of Carburizing Atmospheres 
Desired Gas Ratio Orsat Analysis 
% co % CO2 i. co % CO2 'l 02 
90.0 10.0 90.0 9.5 0.4 
95.0 s.o 94.8 5.0 0.2 
" 97.0 3.0 96 .8 3.1 
'\ 
' 0.1 
99.0 1.0 98.8 0.9 0.3 
In addition, the furnaces were checked for temperature 
uniformity, and the results are shown in Figures 31, 32, 33a and 33b. 
Each furnace was tested with an iron-constantan thermocouple and a 
Leeds and Northrup #8686 potentiometer, and results agreed with the 
0 
thermocouple used in this study to within± 2 C. 
) 
• 
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APPENDIX C 
CORRELATIONS BETWEEN GAS MIXTURE COMPOSITION 
AND CARBON CONTENT OF IRON 
AT.EQUILIBRIUM 
In addition to the data presented in Table 4, a complete 
graph of calculated co-co2 ratios for a given equilibrium carbon 
concentration at the iron surface is given in Figure 34. 
)J 
\ 
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FIG,.34: CORRELATION BETWEEN % C02IN CARBURIZING ATMOS/P1HERE 
AND RESULTING EQUILIBRIUM SURFACE COMPOSITIO~ 6F 
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APPENDIX D 
SUGGESTIONS FOR FURTHER WORK 
A) Examination of Powders by Electron Microscopy 
-71 
No characterization of carburized powders can 
be complete without a thorough analysis of its micro-
structure. As shown in Fig. 18, the features of an iron-
carbon alloy powder particle at 2500x resemble pearlite 
somewhat; but positive identification of these details 
is impossible on the basis of photographs like this. An 
obvious first step to obtaining more information is to 
increase the degree of magnification of the particles, 
and this suggests electron microscopy. The basic problem 
is to develop a technique whereby a ~epresentative powder 
sample can be etched, replicated, and examined under an 
electron microscope. Preliminary work in this area has 
shown that etching of fine particles is quite difficult 
to control, and subsequent carbon replication often results 
in powder particles remaining imbedded in the stripped 
carbon film. One possible means of circumventing these 
problems is to prepare a mounted specimen, the same as for 
light microscopy, to polish and etch this specimen, and 
finally to evaporate a carbon film over the entire specimen 
and mounting. This film then could easily be stripped off 
and prepared for viewing by electron microscopy. One dif-
ficulty associated with this technique is to determine 
which sections -0f the carbon replica represent the plastic 
+.-- .. :.-.. 
\ 
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mounting material, and which represent the actual powder par-
ticles. It is anticipated that the examination of a sufficient-
ly 
I 
lar,gt,number of these replicas, together with replicas 
of plastic surfaces alone would provide sufficient basis for 
the successful separation of the powder replicas from the 
plastic replicas._A process of this type would certainly be 
time-consuming,but would probably result in the best visual 
means of characterizing the microstructure of carburized 
powder particles, and comparing it with that of other par-
ticles, and with massive specimens. 
B.) Detection of Uncombined Carbon in Carburized Samples* 
It is easily observable that the presence of free car-
bon in a carburized sample can increase the surface area dras-
tically. Using this idea, it should not be difficult to de-
vise a technique to determine the actual quantity of free 
carbon present in a given carburized specimen, simply by 
making a BET surface area determination. The following steps 
should be considered: 
l)Determine the surface area of an uncarburized specimen. 
' 
2)0btain a sample of elemental carbon and determine 
its mass and surface area. 
3)Repeat step (2) for several carbon samples. 
4)Derive a correlation between the amount of element-
al carbon present and its surface area. 
S)Using steps (1) and (4), develop a correlation between 
surtace area of a carburized specimen and 
_________ ... ____ _ 
* This section based on the proposal of Robert G. Milkovics, 
Department of Chemical Engineering, Lehigh University. 
(' 
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amount of free carbon present in the specimen. 
The preceding steps take advantage of ·the following assump-
tions: (i)That free carbon is simply mixed with the carburized 
material, (ii)That the surface area of clean carburized ma-
terial is essentially the same as that of uncarburized iron, 
and (iii)That the elemental carbon used in the surface area 
determinations has the same surface area as the elemental 
carbon produced with the carburized samples. At present, 
assumptions (i) and (ii) appear to be approximately correct, 
and assµmption (iii) may< ·be taken care of by careful prepara-
tion of the elemental carbon samples. 
A process of this type is not designed to give an 
accurate analysis of carburized samples, but merely !o indi-
cate by a quick test whether the sample is suitable for fur-
ther use, or must be discarded due to an excess of free car-
bon. 
\_ __ 
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APPENDIX E 
Table 5. Sintering of Carbonyl Iron Powder During Heating 
Sample P•Packed Under Temperature Exposure Atmosphere Condition 
Code Pressure OC Time C = C0-<:02 Code 
Number S • Sifted <± 5°c) Min. H = He Letter 
U = Unsifted 
Fa Fluid Bed 
1 u 200 55 C A 
2 u 200 51 C A 
3 u 250 55 C A 
4 u 250 60 C A 
5 u 280 58 C A 
6 u 290 51 C B '---.. 
1 u 300 55 C B 
8 u 300 60 C A 
9 u 310 55· C B 
10 u 310 56 C B 
11 u 320 58 C A 
12 u 320 51 C B 
13 u 350 56 C B 
\_ 
14 u 350 55 C B 
15 u 400 60 C B 
16 u 400 58 C B 
17 u 450 55 C B 
18 u 450 58 C B 
19 u 470 58 C B 
20 u 470 57 C B 
21 u 500 58 C C 
22 u 500 58 C B 
23 u 510 60 C B 
24 u Jr 510 
60 ·r C C 
25 u 520 60 C B 
26 u 520 60 C B 
27 u 530 55 C C 
28 u 540 56 C B 
29 u 550 59 C 
C 
30 u 560 58 C 
B 
31 u 560 56 C 
C 
32 u 570 58 C 
C 
33 u 580 60 C 
C 
34 u 590 60 C 
C 
35 u 600 58 C 
C 
36 u 
600 .. 55 C D 
37 u 610 60 C 
D 
. 
38 . u 620 60 C 
D 
-'f 
(',) 
.. 
\ 
t., 
-7S 
.ti 
Sample P•Packed Under Temperature Expo1ure Atmosphere 
Condition 
Code Preiaure OC Time C • CO•C02 
code 
Number S • Sifted <± s0 c) Min. H • He Letter 
U • Unsifted 
F • Fluid Bed 
39 u ·620 60 ~ C D 
40 u 630 60 ~)/i\ D 
41 u 640 60, 
D 
42 u 650 60 C 
D 
43 u 700 55 C 
D 
44 u 750 58 C 
D 
45 u 750 55 C 
D 
46 u 800 57 C 
E 
47 u 800 58 C 
D 
48 u 810 59 C 
D 
49 u 820 60 
C E 
50 u 820 60 C
 D 
51 u 830 60 C
 E 
52 u 830 60 C
 E 
53 u 840 59 
C E 
54 u 840 60 
C E 
55 u 850 59 
C E 
56 u 900 59 C
 E 
57 u 200 120 
C A 
58 u ,,.~SQ 120 
C A 
59 u 270 120 
C A 
60 u 290 122 
C A 
61 u 300 122 
C A 
62 u 320 121 
C ¢' . ·B 
63 u 340 120 
C B f 
64 u 360 125 
C B 
I/ 65 u 
380 120 C B 
66 u 400 122 
C B· 
67 u 420 123 ., 
C B 
68 u 440 120 
C B 
69 u 460 120 
C B 
70 u 520 121 
C C 
71 u 540 121 
C C 
72 u 560 121 
C C 
73 u 580 122 
C C 
74 u 600 125 
C D 
., 
75 u 780 121 
C D 
76 u 800 120 
C E 
77 u 820 . \ 
120 C E 
78 u 300 5 
C A 
' I' 
79 u 310 5 
C A 
' 80 u 330 5 
C A 
81 u 350 5 
C B 
82 u 380 5 
C A 
83 u 400 5 
C B 
84 u 520 5 
C ''B 
85 u 540 5 
C ·B 
,. 
X 
l 
,I 
7 
~76 
Sample P•Packed Under Temperature Exposure Atmosphere Condition 
Code· Pressure OC Time C • CO•C02 Code 
· Number S • Sifted <± s0 c) Min. H • He Letter 
U • Unsifted 
Fa Fluid Bed 
86 u 560 6 ' C C 
· 87 u 600 5 C C 
88 u 620 5 C C 
89 u 640 6 C C 
90 u 660 6 C D 
91 u 680 5 C 
D 
92 u 700 5 C 
D 
93 u 800 5 C 
D 
94 u 820 6 C 
E 
95 u 840 5 C 
E 
96 s 400 55 C 
A 
97 s 420 60 C 
A 
98 s 440 60 C 
A 
99 s 460 60 C 
B 
100 s 480 60 C 
B 
101 s 500 58 C 
B 
102 s 600 60 C 
B 
103 s 620 60 C 
B 
104 s 640 60 C 
C 
.. ! 
105 s / 660 58 C 
C 
I 
106 s 680 60 C 
C 
107 s 700 · 60 C 
C 
) 108 s 
800 60 C C 
109 s 820 60 C 
C ~ 
110 s 840 58 C 
D 
111 s 860 58 ("-- C 
D 
··-< 112 s 950 
60 , C D 
113 s 980 56 
c~ D 
114 s 1000 55 
C E 
115 s 440 120 ( C A 
' 
460 120 B 
\ 
116 s 
C 
117 s 620 120 
C B 
118 s 640 124 
C C 
119 s 820 125 
C C 
120 s 840 120 
C D 
121 s 980 120 
C D 
122 s L\ 1000 122 
C D 
123 s 1020 125 
C E 
124 s 400 5 
C A 
125 s 450 5 
C A 
126 s 500 5 
C B 
127 s 520 5 
C B 
128 s 550 5 
C B 
129 s 600 5 
C B 
130 s 650 6 
C B 
131 s 680 5 
C C 
132 s 700 6 
C C 
r:--
l I 
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I 
i 
Sample P•Packed Under Temperature Exposure Atmosphere Condition 
Cod~ Pressure OC Time C • CO•C02 .Code r 
Number S • Sifted <± s0 c) Min, H • He Letter 
U • Unsifted 
F • Fluid Bed 
\. 
133 s 750 5 C C 
134 s 780 5 C D 
135 s 800 5 C C 
136 s 820 5 C D 
'\, 
137 s 900 5 C D 
138 s 920 rr C 
D 
139 s 950 C D 
140 s 980 C E 
141 s 1000 5 C E 
142 F 400 60 C A 
143 F 450 60 C A 
144 F 500 60 C A 
.}· 
145 F 540 60 C A 
146 F 560 60 C B 
147 F 580 60 C A 
148 1 F 600 60 C B 
I 
149 F 650 60 C B 
150 F 700 60 C B 
151 F ', -720 60 C
 C 
152 F 750 6~ C C 
153 F 8<!9----- 60 C C 
154 F 850 60 C C 
155 F 880 60 C D
 
156 F 900 60 C D 
157 F 950 60 C D
 
158 F 980 60 C D
 
159 F 1000 60 C D
 ~ 160 F 1020 60 C E 
161 p 250 60 C 
A 
162 p 270 60 C B 
163 p 280 55 C 
A 
164 p 300 60 C B 
165 p 320 55 C C 
166 p 340 60 .c B
 
167 p 360 58 C C
 
168 p 500 60 C C
 
169 p 520 60 C 
C 
170 p 560 60 C 
D 
\ 
171 p 250 6 C 
.A 
' 
172 p 300 5 C B
 
\ 173 p 340 
6 C C 
,~ 
174 p 360 5 C 
C 
175 p 500 5 C C
 
176 p 550 5 C 
D 
177 p 650 5 C 
D 
178 p 700 6 C 
D 
'~,( ~:-1· 
-:1s ~ 
... 
:1 
' I S~ple P•Packed Under Temperature Exposure Atmosphere Condition 
Code Pressure oc Time C • CO-CO2 Code 
Number S = Sifted <± s0 c) Min. H = He Letter 
U = Unsifted 
I F = Fluid Bed 
179 p 720 5 C E 
180 u 300 60 H A 
181 u 320 60 H A 
182 u 340 60 H B 
/ 
183 u 500 60 H B 
'\ / 
184 u 520 60 H. B 
" 185 u 540 60 H 
C 
186 u 600 60 H C 
187 u 620 60 H C 
.. ~,: 188 u 650 60 H D 
189 u 680 60 H D 
\-., 190 u 700 60 H D 
191 u 800 60 H D 
192 u 830 60 H E 
193 u 880 60 H D 
_,... 194 u 920 60 H E 
\ 
... ·~ 
195 s 400 60 H A 
' 196 s 420 60 H A 
,J./\ 197 s 440 60 H B 
198 s 460 60 H A 
199 s 480 60 H B 
200 s 500 60 H B 
'201 s 600 60 K B 
r;,. 
202 s 620 60 H B 
203 s 640 60 H C 
204 s 660 60 H C 
205 s 680 60 . H C 
206 s 700 60 H C 
207 s 820 60 H C 
208 s 840 60 H D 
209 s 850 60 H D 
210 .s 950 60 H D 
211 s 1000 60 H E 
('- \ 212 F 550 60 H A 
213 F 580 60 H B 
214 F 620 60 H B 
215 F 700 60 H B 
216 F 720 ~60 H B 
~ 217 F 800 
60 H C 
218 F 830 60 H C 
219 F 900 60 H D 
220 F 980 60 H D 
221 F 1000 60 H E 
h" h 
!"'·19. 
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